This article examines the effects of homogeneous-heterogeneous reactions and Newtonian heating in magnetohydrodynamic (MHD) flow of Powell-Eyring fluid by a stretching cylinder. The nonlinear partial differential equations of momentum, energy and concentration are reduced to the nonlinear ordinary differential equations. Convergent solutions of momentum, energy and reaction equations are developed by using homotopy analysis method (HAM). This method is very efficient for development of series solutions of highly nonlinear differential equations. It does not depend on any small or large parameter like the other methods i. e., perturbation method, δ-perturbation expansion method etc. We get more accurate result as we increase the order of approximations. Effects of different parameters on the velocity, temperature and concentration distributions are sketched and discussed. Comparison of present study with the previous published work is also made in the limiting sense. Numerical values of skin friction coefficient and Nusselt number are also computed and analyzed. It is noticed that the flow accelerates for large values of Powell-Eyring fluid parameter. Further temperature profile decreases and concentration profile increases when Powell-Eyring fluid parameter enhances. Concentration distribution is decreasing function of homogeneous reaction parameter while opposite influence of heterogeneous reaction parameter appears.
Introduction
Non-Newtonian fluids play key role in various industrial processes such as natural products, multiphase mixtures, biological fluids, food products, agricultural and daily food wastes. Due to its highly utility and wide range of applications in industries researchers have keen interest to explore the characteristics of non-Newtonian fluids. The non-Newtonian fluids have nonlinear relationship between stress and rate of strain. Such fluids cannot be predicted by a single constitutive equation due to their diverse characteristics. One of the non-Newtonian fluids is the Powell-Eyring fluid which was proposed by Powell and Eyring in 1944. It has several advantages i.e., (i) It is derived from kinetic theory of liquid rather than the empirical relation. (ii) At low and high shear stresses Powell-Eyring fluid behaves as a Newtonian. The flow of the non-Newtonian fluids plays significant role in various industrial, natural, engineering and geophysical processes. These processes involve manufacturing of cooling system with liquid metals, MHD generators, accelerators, nuclear reactors, electric motors, blood flow measurements, pumps and flow meters etc. MHD flow through blood vessel has gained considerable attention in physiological processes. Due to such considerable applications scientists and researchers carried out magnetohydrodynamic flows regarding different physical phenomenon. Hayat et al. [1] analyzed melting heat transfer in the stagnation point flow of Powell-Eyring fluid. Ellahi et al. [2] developed numerical analysis for MHD steady flow with heat transfer and nonlinear slip effects. Javed et al. [3] discussed Powell-Eyring fluid flow over a stretching sheet. Ellahi [4] studied the influence of temperature dependent viscosity on the MHD flow of non-Newtonian nanofluid in a pipe. Hayat et al. [5] examined radiative effects in three-dimensional flow of MHD Eyring-Powel fluid. Zeeshan et al. [6] analyzed the magnetohydrodynamic flow of non-Newtonian fluid in porous space with slip boundary conditions. Ara et al. [7] studied radiation effect on boundary layer flow of Powell-Eyring fluid by an exponentially shrinking sheet. Magnetohydrodynamic flow of water/ethylene glycol based nanofluids with natural convection and porous medium is addressed by Zeeshan et al. [8] . Steady flow of an Eyring Powell fluid over a moving surface with convective boundary conditions was presented by Hayat et al. [9] . Ellahi et al. [10] presented the MHD blood flow of Prandtl fluid between permeable walls through tapered stenosed arteries. Study of stream wise transverse magnetic fluid flow with heat transfer by porous obstacle studied by Rashidi et al. [11] .
In current time the development of human society greatly depends on the energy resources. Researchers and scientists have stimulated in this area to develop advance energy resources and technologies so that solar energy could be utilized in a more easy and efficient way. In this regards it is desired to design and construct high rate of heating/cooling equipment machinery and various medical instruments and devices with high capability of chemical transport. Heat transfer in various natural and industrial process depend upon mechanism of heat transfer from wall to ambient fluid. Merkin [12] suggested four common ways of heat transfer from wall to ambient temperature distribution in 1994 i.e., constant or prescribed surface temperature, constant or prescribe surface flux, conjugate or convective boundary condition and Newtonian heating where the heat transfer from any material surface with a finite heat capacity is proportional to the local surface temperature. Newtonian heating phenomenon is especially important in practical applications such as to design heat exchanger, conjugate heat transfer around fins and also in convective flow. Hayat et al. [13] explored stagnation point flow of Burgers fluid with Newtonian heating. Salleh et al. [14] [15] discussed in detail about free convection boundary layer flow of micropolar fluid due to solid sphere with Newtonian heating.
Scientists and researchers are desired to develop and design some new catalytic processes which work at very high temperature. In these processes homogeneous and heterogeneous chemical reactions play significant role. Homogeneous and heterogeneous reactions are very complex involving consumption and production of reactant species both with in the fluid and on the catalyst surface at different rates. Such reactions involve in combustion, catalysis and bio chemical systems. Merkin [16] discussed the isothermal model for homogeneous heterogeneous reactions in the boundary layer flow. Shaw et al. [17] investigated the effects of homogeneous-heterogeneous reactions in the micropolar fluid induced by stretching/shrinking sheet embedded in a porous medium. Kameswaran et al. [18] discussed the analysis of homogeneous-heterogeneous reactions in flow of nanofluid past a permeable stretching sheet. Kumar et al. [19] investigated the effects of homogeneous and heterogeneous reactions on the dispersion of a solute for immiscible viscous fluids between two plates. Hayat et al. [20] discussed homogeneous-heterogeneous reactions in the stagnation point flow of carbon nanotubes with Newtonian heating.
The main objective here is to disclose the characteristics of homogeneous-heterogeneous reactions in the MHD flow of Powell-Eyring fluid over an impermeable stretching cylinder. Heat transfer analysis is carried out with Newtonian heating and heat generation/absorption. Diffusion coefficients of both species are considered to be equal. Homotopy analysis method [21] [22] [23] [24] [25] [26] [27] [28] [29] is used to achieve the convergent series solutions of momentum, energy and concentration equations. Behaviors of various pertinent parameters on the velocity, temperature and concentration distributions are analyzed through graphs. Present results are compared with the previous published data in the limiting case.
Mathematical formulation
Consider the MHD two-dimensional boundary layer flow of Powell-Eyring fluid by a stretching cylinder. Heat transfer includes the salient features of heat generation/absorption. Uniform magnetic field β 0 is applied in the radial direction. Effect of induced magnetic field due to small magnetic Reynolds number is neglected. Further the effects of homogeneous-heterogeneous reactions and Newtonian heating are also considered. The heat produced is ignored during the irreversible chemical reaction. The homogeneous reaction for cubic autocatalysis can be expressed in following fashion:
while first-order isothermal reaction on the catalyst surface is given by
Here the concentrations of chemical species A and B are denoted by a and b while k 1 and k s are the rate constants. This irreversible reaction assures that the reaction rate is negligible in the external flow and at the outer edge of the boundary layer. Cylindrical coordinates are chosen such that z-axis is along the stretching cylinder and r-axis normal to it (See Fig 1) . The extra stress tensor of Powell-Eyring model is
where μ denotes the dynamic viscosity of fluid, β and c are the fluid parameters of the PowellEyring model and c has the dimension of (time) −1 . Here second-order approximation of the
Under the boundary layer approximations (i.e, u = O(δ), r = O(δ), w = O(1) and z = O(1)) the continuity, momentum, energy and homogeneous-heterogeneous reactions equations are as follows:
The boundary conditions are prescribed into the forms [16] :
where u and w denote the velocity components in the r− and z− directions respectively, U 0 is the reference velocity, l is the characteristics length, ν is the kinematic viscosity, ρ is the density, c p is the specific heat, k is the thermal conductivity, T and T 1 are the temperatures of fluid and ambient respectively, β 0 is strength of applied magnetic field, σ 1 is electrical conductivity, Q is the coefficient of heat generated or absorbed per unit volume, w e is the stretching velocity, h s is the heat transfer coefficient, D A and D B are the respective diffusion coefficients and a 0 is constant. Using the below mentioned transformations
Eq (6) is identically satisfied while Eqs (7) to (10) are reduced to
where γ is the curvature parameter, M and λ the fluid parameters, Ha 2 Hartman number, Pr
Prandtl number, K gives the strength of measure of homogeneous reaction, δ heat absorption (δ < 0) or heat generation (δ > 0) parameter, α conjugate parameter for Newtonian heating, Sc the Schmidt number and K s measures the strength of heterogeneous reaction. The parameters are defined as follows:
The diffusion coefficients D A and D B are assumed same i. e. δ Ã = 1, here we have [16] φðZÞ þ FðZÞ ¼ 1;
thus Eqs (14), (15) and (17) become
The corresponding boundary conditions become
Skin friction coefficient and local Nusselt number can be defined as follows:
Dimensionless forms of skin friction coefficient and local Nusselt number are
where Re z ¼ w e z n denotes the local Reynolds number.
Homotopic solutions
Homotopy analysis method is derived from the fundamental concept of topology. If one function can be continuously deformed into the other then the functions are said to be homotopic functions. If f 1 and f 2 are two continuous functions which maps from a topological space X into topological space Y then f 1 is homotopic to f 2 if there exists a continuous map F
such that for each x 2 X Fðx; 0Þ ¼ f 1 ðxÞ; Fðx; 1Þ ¼ f 2 ðxÞ; ð25Þ then the map F is called homotopic between f 1 (x) and f 2 (x). Liao [21] in 1992 proposed homotopy analysis method to solve the highly nonlinear equations. It is a continuous deformation or change of a function or equation. Moreover, it is independent of small or large physical parameters. It has many advantages when compared to other methods i.e., (i) it is independent of small or large parameters (ii) it confirms the convergence of series solution (iii) it provides great freedom to choose the base function and linear operator. Such flexibility and freedom assist in solving the highly nonlinear problems. The initial guesses and linear operators for the dimensionless momentum, energy and homogeneousheterogeneous reactions equations are (f 0 , θ 0 , F 0 ) and ðL f ; L y ; L F Þ The initial guesses and linear operators are taken as follows:
where A i (i = 1 − 7) are the arbitrary constants.
Zeroth-order problems
where p 2 [0, 1] is embedding parameter and ℏ f , ℏ θ and ℏ F are the non-zero auxiliary parameters.
m-order deformation problems
Employing homotopic procedure [21] the solutions are
where the constants A i (i = 1-7) have the values: For the series solutions of momentum, energy and homogeneous-heterogeneous reactions equations by homotopy analysis method, the convergence region is essential. Convergence region of the series solutions depend upon the auxiliary parameter ℏ. Therefore we have plotted the ℏ-curves in Figs 2 to 4. The admissible ranges of the auxiliary parameters ℏ f , ℏ θ and ℏ F are −1.5 ℏ f −0.1, −2.5 ℏ θ −0.1 and −1.9 ℏ F −0.8 respectively. 
Discussion
Interest in present section is to examine the effects of different parameters on the velocity, temperature and concentration profiles. the effect of curvature parameter γ on the velocity profile f 0 (η). It is noted that for larger curvature parameter γ the velocity profile and momentum boundary layer thickness first decrease and then increase. This is due to the fact that for increase in curvature parameter γ the radius of cylinder decreases and consequently less resistive force occurs for the fluid and the velocity profile f 0 (η) increases. Similar behavior is observed for temperature profile θ(η) (see Fig 9) . It is analyzed that temperature profile θ(η) decreases near the surface of cylinder while it increases away from the surface. For higher values of curvature parameter γ, the radius of cylinder decreases and consequently less particles are sticky to the surface which are responsible for heat transfer through conduction. Therefore temperature profile decreases near the surface of cylinder. It is also observed that temperature profile is higher in case of flat plate when compared with the cylinder. Fig 10 is sketched for the effect of curvature parameter γ on concentration profile F(η). It is noted here that through larger curvature parameter γ, the thermal boundary layer thickness first decreases and then increases. For curvature parameter γ = 0 the problem reduces to flat plate. layer thickness decrease via M (see Fig 12) . This is due to fact that as M increases, fluid becomes less viscous. Therefore the thermal boundary layer thickness and temperature profile decrease. layer thickness are decreasing functions of Pr. It is observed that due to increase in Prandtl number Pr the thermal diffusivity decreases. As a result the temperature and thermal boundary layer thickness decrease. Fig 15 is sketched for the effect of heat generation parameter δ on temperature profile θ(η). It is observed that for increase in heat generation parameter δ the thermal boundary layer and temperature of the fluid are enhanced. In fact more heat is produced due to increase in heat generation parameter. Hence temperature profile θ(η) increases. Fig 16 is plotted for the variation of conjugate parameter α on temperature profile θ(η). Here temperature and thermal boundary layer thickness are increasing functions of conjugate parameter α. concentration profile F(η) is observed for higher values of Schmidt number Sc away from the surface of cylinder. It is due to the fact that Schmidt number Sc is the ratio of momentum diffusivity to mass diffusivity as a result higher values of Schmidt number Sc correspond to small mass diffusivity. Hence concentration profile F(η) decreases. Table 1 shows the convergence of agreement. It is analyzed that f 00 (0) shows decreasing behavior for higher values of M while opposite behavior is observed for increasing λ. Table 3 presents comparison of skin friction coefficient with the previous results in limiting cases of γ = 0 and Ha 2 = 0. It is evident that both the results match in good agreement. Skin friction coefficient increases with an increase in M and it decreases with λ. Therefore small values of M and large values of λ can be used for the reduction of skin friction coefficient. Table 4 depicts the numerical values of Nusselt number for various parameters. It is concluded that Nusselt number increases for larger curvature parameter γ, fluid parameter M, Prandtl number Pr and conjugate parameter α while it decreases with Hartman number Ha 2 and heat generation parameter δ. As rate of heat transfer is high for large values of curvature parameter γ and fluid parameter M so these parameters can be used as coolant factor. Thus it is noted that cylindrical shape devices with large curvature i.e, with small radius have high rate of heat transfer. Table 5 presents the numerical values of skin friction for various parameters. It is concluded that skin friction increases for larger curvature parameter γ and Hartman number Ha 2 while it decreases with increase in the values of fluid parameter M. Table 6 shows comparison of f 00 (0) for different methods with previous published works [30, 31] . The results are found in good agreement. 
Final remarks
Here the influence of homogeneous-heterogeneous reactions in the flow of Powell-Eyring fluid by a stretching cylinder is discussed in the presence of heat generation/absorption and Newtonian heating. Main points through convergent solutions are as follows:
• The velocity profile increases for larger values of fluid parameter M while the temperature and thermal layer thickness decrease. Fluid parameter inversely relates the viscosity of fluid. As a result fluid becomes less viscous as M increases. Thus the temperature profile decreases. This parameter can be used to control the heat transfer in the industrial and engineering processes. The fluid parameter also plays important role in polymer solutions, paint, flow of blood, flow of liquid metals etc.
• The temperature field near the surface of cylinder decreases for lager values of curvature parameter. Further the heat transfer through conduction reduce for higher values of curvature parameter due to reduction of contact area of fluid particles. Thus this parameter can be used as a cooling agents in industrial processes.
• The temperature and thermal boundary layer thickness are enhanced when Hartman number increases. Physically the Lorentz force appeared due to the applied magnetic field which acts as a retarding force and causes the reduction in the flow and enhancement in thermal boundary layer thickness. It has significant applications in industrial manufacturing processes such as plasma studies, petroleum industries, magneto-hydrodynamics power generator, cooling of nuclear reactors, boundary layer control in aerodynamics, glass fiber production and paper production. • Homogeneous and heterogeneous parameters have opposite behavior for concentration profile. It is observed concentration at the surface decreases as the strength of the heterogeneous reaction increases. It is due to inverse relation with mass diffusivity. Such reactions occur in combustion, catalysis and bio chemical systems.
• It is hoped that the present investigation serves as impetus for the researchers and scientists to develop catalytic processes involving homogeneous-heterogeneous reactions which can be operated at high temperatures such as reactions occurring in combustion, bio chemical systems etc. This analysis can be extended to variable sheet thickness, melting heat transfer and Cattaneo-Christov heat flux. 
